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Electron scattering and dielectronic recombination with an ion in the presence of a neighboring
atom is studied. The incident electron is assumed to be captured by the ion, leading to resonant exci-
tation of the atom which afterwards may stabilize either by electron re-emission or radiative decay.
We show that the participation of the atom can strongly affect, both quantitatively and quali-
tatively, the corresponding processes of electron scattering and recombination. Various ion-atom
systems and electronic transitions are considered. In particular we show that electron scattering
under backward angles may be strongly enhanced and derive the scaling behavior of two-center
dielectronic recombination with the principal quantum numbers of the participating atomic states.
I. INTRODUCTION
When an electron impinges on an ion, which carries
at least one bound electron, a variety of different pro-
cesses may occur [1]. In particular, for certain resonance
energies, the incident electron may be captured by the
ion, forming an autoionizing state. The latter can stabi-
lize either through spontaneous radiative decay, so that
the electron has eventually recombined with the ion in
a bound state. Or an Auger decay, caused by electron-
electron correlations, occurs, leading to re-emission of the
electron which ends up in the continuum. These pro-
cesses are called dielectronic recombination and resonant
electron scattering, respectively.
Autoionizing transitions can also involve electrons
which are located at two different atomic centers. Pen-
ning ionization represents a famous example of such an
interatomic correlation effect. Another very interesting
process driven by two-center electronic correlations is ra-
diationless decay of an inner-valence vacancy in one of
the atoms, in case when a single-center Auger decay of
this vacancy is energetically forbidden. Then the vacancy
may decay by transferring excitation energy to a neigh-
bor atom. This process, which is known as interatomic
Coulombic decay (ICD) [2–4], can still be much faster
than a single-center radiative decay. It has been observed
in a variety of systems, comprising noble gas dimers [5],
clusters [6] and water molecules [7]. The closely related
process of two-center photoionization was also studied,
both theoretically [8, 9] and experimentally [10].
While in most experimental studies of ICD the au-
toionizing state is created via photoabsorption, recently
some experiments on interatomic processes were car-
ried out, where the vacancy results from electron im-
pact. ICD following electron-impact ionization, with sub-
sequent molecular dissociation, was observed in argon
dimers and trimers for incident electron energies in the
range from a few keV [11, 12] down to about 30–100eV
[13]. ICD was also identified after low-energy electron
impact on water clusters adsorbed on condensed noble-
gas surfaces [14].
From the side of theory, two more electron-impact in-
duced processes were considered. On the one hand, two-
center dielectronic recombination (2CDR) was studied
[15], where an incident electron is captured by an ion,
leading to resonance excitation of a neighboring atom.
The latter afterwards de-excites via spontaneous radia-
tive decay (see Fig. 1). 2CDR thus represents a resonant
electron capture process in which the total charge of the
centers is changed. It was shown that 2CDR can domi-
nate over the single-center process of radiative recombi-
nation by orders of magnitude. On the other hand, in-
teratomic Coulombic electron capture (ICEC) has been
calculated [16]. Here, the incident electron energy is so
large, that the energy set free upon its capture to the ion
suffices to ionize the neighboring atom. Keeping the to-
tal charge of the two centers unchanged, ICEC effectively
results in an interatomic electron exchange between both
centers. The process has also been investigated in a sys-
tem of two quantum dots [17].
FIG. 1: Schemes of two-center resonant scattering (2CRS)
and two-center dielectronic recombination (2CDR). An inci-
dent electron is first captured at center A, leading to resonant
excitation at center B. Subsequently, this metastable state
may either decay backwards (via ICD) in the case of 2CRS or
radiatively stabilize by photoemission in the case of 2CDR.
2In the present paper, we introduce a new example of an
atomic two-center process which occurs after electron im-
pact. The autoionizing state formed by electron capture
to an ion with simultaneous excitation of a nearby atom
can also decay via re-ejection of the electron. As a result,
the electron has been scattered resonantly from the two-
center atomic system, see Fig. 1. Therefore, we call this
novel process two-center resonance scattering (2CRS). It
can occur for certain incident electron energies and inter-
feres with the usual single-center scattering of the elec-
tron from the ion (Rutherford scattering). We will show
that, due to 2CRS, electron-ion scattering can be quali-
tatively modified and strongly enhanced under backward
angles. Besides, we shall also continue our investigations
of 2CDR which interferes with the single-center process
of radiative recombination and represents a competing
process for 2CRS. The dependence of 2CDR on the quan-
tum numbers, which characterize the autoionizing state,
will be derived, this way generalizing and substantially
extending our earlier studies [15].
Our paper is organized as follows. In Sec. II we present
our theoretical considerations of 2CRS. After formulating
the general framework, closed analytical formulas for the
differential cross section of this scattering process will be
obtained. They include quantum interference effects and
refer to the capture of the incident electron to either the
1s ground state (Sec. II.A) or the 2s state (Sec. II.B) of
atom A. Afterwards, in Sec. III we turn to 2CDR, consid-
ering a generic situation where the electron is captured
to an arbitrary s-state at center A, with simultaneous
excitation of a general p-state at center B. The scaling
of the 2CDR cross section with the principal quantum
numbers of these states will be revealed. In Sec. IV we
illustrate our findings by some numerical examples and
discuss their physical implications. Concluding remarks
are given in Sec. V. Atomic units (a.u.) will be used
throughout unless otherwise stated.
II. THEORY OF TWO-CENTER RESONANCE
SCATTERING
In order to reveal the basic physics of 2CRS, we shall
consider the process in a very elementary atomic system.
We assume that the electron is incident on a proton form-
ing the center A, and a hydrogen-like atom (or ion) of
effective nuclear charge ZB represents the center B. The
latter is initially in its ground state and separated from
center A by a distance R large enough, such that one
can still speak about individual atomic entities. Both
the proton and the atomic nucleus are supposed to be
at rest during the scattering process. We take the posi-
tion of the proton as the origin of our coordinate system
and denote the coordinates of the atomic nucleus, the
incident electron, and the atomic electron by R, r and
r′ = R + ξ, respectively, where ξ is the position of the
atomic electron with respect to the atomic nucleus. The
z axis is chosen to lie along the incident electron momen-
tum, which also serves as our quantization axis.
In the process under consideration one has essentially
three different basic two-electron configurations, which
are resonant with each other and schematically illus-
trated in Fig. 1: (I) Ψp,0 = ϕ
(+)
p (r)χ0(ξ) with total
energy Ep0 = εp + ǫ0, where the incident electron is
in the continuum with asymptotic momentum p and
the electron of atom B is in the ground state; (II)
Ψ01 = ϕ0(r)χ1(ξ) with total energy E01 = ε0 + ǫ1,
in which the incident electron has been captured to a
bound state ϕ0 of the newly formed atom A while the
electron of the atom B is in the excited state χ1; (III)
Ψp′,0 = ϕ
(−)
p′ (r)χ0(ξ) with total energy Ep′0 = εp′ + ǫ0,
where the electron has been re-emitted into the contin-
uum with asymptotic momentum p′ and the electron of
atom B has returned to the ground state.
Within the second order of time-dependent perturba-
tion theory, the probability amplitude for 2CRS can be
written as
Sχ1 = −
∫ ∞
−∞
dtM(−p′) e−i(E01−Ep′0)t
×
∫ t
−∞
dt′M(p) e−i(Ep0−E01)t′ (1)
where the subscript indicates the excited state in atom
B which is involved. The matrix elements are given by
M(p) = 〈Ψ01|VˆAB |Ψp,0〉 (2)
and an according expression for M(−p′). Note in this
regard that we shall use continuum states which are nor-
malized to a quantization volume of unity and fulfill the
relation
[
ϕ
(−)
p′ (r)
]∗
= ϕ
(+)
−p′(r) [18]. The two-center inter-
action between the electrons is given by
VˆAB =
r · ξ
R3
− 3(r ·R)(ξ ·R)
R5
(3)
where a dipole-allowed transition in atom B is assumed
and retardation effects are neglected. After performing
the time integration in Eq. (1), we arrive at
Sχ1 = −2πi δ(εp′ − εp)
M(−p′)M(p)
εp + ǫ0 − ε0 − ǫ1 + i2Γ
(4)
where Γ = Γr+Γa denotes the total width of the excited
state χ1 in atom B. It has been inserted to account
for the finite lifetime of this state and consists of the
radiative width Γr and the two-center Auger width Γa.
The latter is given by
Γa =
p
(2π)2
∫
dΩ
∣∣M(−p′)∣∣2 (5)
whereM(−p′) is evaluated with p′ = p. The delta func-
tion in Eq. (4) displays the law of energy conservation
in the process, which enforces an elastic scattering of the
electron under the assumptions made.
3From Eq. (4) one can obtain the differential scattering
cross section in the usual way, by taking the absolute
square of the amplitude, dividing it by the interaction
time and the incident electron flux j = p, and integrating
the resulting expression over the final electron energy.
This leads to
dσχ1
dΩ
=
|M(−p′)|2 |M(p)|2
(2π)2
(
∆2 + 14Γ
2
) (6)
where the absolute value of p′ is fixed by energy con-
servation to p′ = p and the detuning from the resonance
∆ = εp+ǫ0−ε0−ǫ1 has been introduced. By performing
the integral over the scattering angles using Eq. (5), one
obtains the total cross section
σχ1 =
Γa |M(p)|2
p
(
∆2 + 14Γ
2
) . (7)
A. Capture to the 1s state
In order to evaluate the differential cross section (6)
we need to specify the electron states. The incoming and
outgoing electron states in the continuum will always be
described by the corresponding “in” and “out” Coulomb
waves with asymptotic momenta p and p′, respectively
(see, e.g., [18]). Moreover, in this section, we will assume
that the incident electron is captured to the 1s ground
state of the hydrogen atom formed at center A. The
one-electron atom at center B is simultaneously excited
from the 1s to a 2pm state. The corresponding matrix
elements can be calculated by standard means.
For example, if the excited state in atom B is the 2p0
state, one finds
M(p) = 2
9πi aB Z
3
A e
−2νarccot(ν)
35 (εp − ε0)3
√
p (1 + ν2)
1− e−2piν
×
(
nz
R3
− 3(n ·R)Rz
R5
)
eiδ , (8)
with the phase δ = − arctan(ν) + arg[Γ(1 − iν)]. Here,
ZA is the nuclear charge of the ion at center A (ZA = 1
for a proton), ν = ZA/p the Sommerfeld parameter,
aB = 1/ZB the Bohr radius in atom B, and n = p/p is
a unit vector along the electron momentum with compo-
nents nx, ny and nz. An analogous expression holds for
the matrix elementM(−p′) which contains the outgoing
momentum p′. The corresponding unit vector n′ = p′/p
can be parametrized by the scattering angles according
to n′x = sinϑ cosφ, n
′
y = sinϑ sinφ and n
′
z = cosϑ.
Let us assume for a moment that the interatomic sep-
aration vector is parallel to the incident electron momen-
tum, R = Rez. Then only the 2p0 state in atom B
contributes to 2CRS. By inserting Eq. (8) into Eq. (6),
we obtain the corresponding cross section
dσ2p0
dΩ
=
240π2 a4B Z
10
A ν
2 e−8νarccot(ν)
320R12(1− e−2piν)2 (εp − ε0)10
× 1
∆2 + 14Γ
2
cos2ϑ . (9)
From this expression, we can read off some interesting
properties of 2CRS. (i) It shows a very different depen-
dence on the scattering angle than the competing single-
center process of Rutherford scattering, whose famous
cross section reads
dσR
dΩ
=
(
ZA
4εp
)2
1
sin4
(
ϑ
2
) . (10)
The angular dependence in Eq. (9) has a characteristic
dipole form, similarly to photoionization from the ground
state by a photon which is polarized along the z direction.
(ii) While the two-center processes of photoionization [8]
and dielectronic recombination [15] scale with the inter-
nuclear distance like R−6, 2CRS exhibits a much steeper
dependence with R−12 (in the range where Γr ≫ Γa).
This is due to the fact that 2CRS is of second order in
the interatomic interaction (3). (iii) There is also a very
strong dependence on the transition energy εp−ε0. Note
in this context that also the level width Γ depends on
the transition energy in atom B; one typically has, for
example, Γr ∼ (ǫ1 − ǫ0)3, with ǫ1 − ǫ0 ≈ εp − ε0 close
to the resonance. Therefore, low transition energies are
generally favorable for 2CRS. (iv) For Rutherford scat-
tering it is well known that a calculation within the first
Born approximation using plane waves for the contin-
uum electron states gives the same cross section as the
exact calculation based on Coulomb waves. For 2CRS,
however, the result from a plane-wave approach differs
substantially from Eq. (9) [19].
Assuming that the resonance condition is exactly met,
εp − ε0 = ǫ1 − ǫ0, and that Γr = 2
17a2B
311c3 (ǫ1 − ǫ0)3 ≫ Γa
holds (which is valid for sufficiently large values of R),
we find for the ratio of 2CRS to Rutherford scattering
the expression
dσ2p0/dΩ
dσR/dΩ
=
212 32 π2 c6 Z8A ε
2
p ν
2 e−8νarccot(ν)
R12(1− e−2piν)2 (εp − ε0)16
× cos2ϑ sin4
(
ϑ
2
)
(11)
which is maximized under backward angles (ϑ = π). For
instance, assuming an incident energy of εp = 1a.u., a
binding energy of ε0 = −0.5 a.u. and an interatomic dis-
tance of R = 10 a.u., formula (11) predicts that the ratio
reaches a maximum value of about 20. Note that the
chosen energies fit to resonant electron scattering from
a proton in the presence of a neighboring He+ ion. At
R = 10 a.u., one has Γr ≈ 2Γa in this system which is
not quite sufficient to apply Eq. (11), though. Rather,
the ratio is reduced to about 10.
4In the opposite limit Γr ≪ Γa, we obtain from
Eqs. (6) and (5) that the 2CRS cross section on the res-
onance becomes independent of R, this way forming a
plateau region where the cross section attains the value
dσ2p0/dΩ = (3/p)
2 cos2 ϑ. Its ratio with the Rutherford
cross section for backward scattering then simply reads
(dσ2p0/dΩ)/(dσR/dΩ) = 72 εp/Z
2
A.
The generalization of Eq. (9) to interatomic distance
vectors R of arbitrary direction is straightforward [19].
Note that in the general case also the excited 2p+1 and
2p−1 states in atom B need to be taken into account.
The corresponding transition amplitudes S2p0 , S2p1 and
S2p−1 have to be added coherently. The result is
dσ2p
dΩ
=
236π2 a4B Z
10
A ν
2 e−8νarccot(ν)
320R12(1− e−2piν)2 (εp − ε0)10
× 1
∆2 + 14Γ
2
(
B0(ϑ, φ) +R[B1(ϑ, φ)]
)2
(12)
with the angle- and geometry-dependent functions
B0(ϑ, φ) =
(
1− 3ρ2z
)
[n′z − 3(n′ · ρ)ρz] ,
B1(ϑ, φ) = 3ρzρ−
[
n′+ − 3(n′ · ρ)ρ+
]
, (13)
where n′+ = n
′
x + in
′
y = sinϑ e
iφ and ρ = R/R is a unit
vector with components ρx, ρy, ρz , and ρ± = ρx ± iρy.
Let us give some examples. When ρ ⊥ ez, we ob-
tain B0(ϑ, φ) = cosϑ, B1(ϑ, φ) = 0. The cross sec-
tion then exhibits a dependence on cos2ϑ like in Eq. (9),
but the total value is reduced by a relative factor of 4.
When instead ρ = (
√
2, 0, 1)/
√
3, then B0(ϑ, φ) = 0 and
R[B1(ϑ, φ)] = −(2 cosϑ +
√
2 sinϑ cosφ). In this case,
the cross section depends also on the azimuthal angle.
In a complete picture of the scattering process, the
2CRS channel must be considered jointly with the single-
center electron-ion scattering, since both lead to the same
final state. Thus, the three amplitudes (1) for excited
2p0 and 2p±1 states must be added coherently to the
amplitude for Rutherford scattering
SR =
iπ2ZA
εp sin
2(ϑ2 )
eiδR δ(εp − εp′) (14)
with the phase
δR = ν ln
[
sin2
(
ϑ
2
)]
+ 2 arg [Γ (1− iν)] . (15)
This way, quantum interference between the single-center
and two-center pathways of scattering is accounted for.
The differential cross section thus becomes
dσ
dΩ
=
1
T
∫ ∞
0
dp′ p′
(2π)3
∣∣SR + S2p0 + S2p1 + S2p−1∣∣2 (16)
where T denotes the interaction time. By performing the
necessary calculational steps, we obtain
dσ
dΩ
=
1
∆2 + 14Γ
2
{[
∆− C(ϑ, φ) cosΦ(ϑ)]2
+
[1
2
Γ + C(ϑ, φ) sin Φ(ϑ)
]2} dσR
dΩ
. (17)
For the sake of a compact notation, we have introduced
here the interference phase
Φ(ϑ) = δR − 2δ = ν ln
[
sin2
(
ϑ
2
)]
+ 2 arctan(ν) (18)
and the angle- and geometry-dependent function
C(ϑ, φ) = A(ϑ)
{
B0(ϑ, φ) +R[B1(ϑ, φ)]
}
, (19)
with B0,1(ϑ, φ) given in Eq. (13) and
A(ϑ) =
220π a2B Z
4
A εp ν e
−4νarccot(ν)
310R6(1− e−2piν)(εp − ε0)5 sin
2
(
ϑ
2
)
. (20)
B. Capture to the 2s state
In Sec. II A we have seen that the cross section of 2CRS
shows a very strong dependence on the electronic tran-
sition energy. This renders the consideration of a hydro-
gen atom (ZB = 1) – rather than a hydrogen-like ion –
located at center B interesting. For energetic reasons,
though, the process discussed in Sec. II A cannot take
place if hydrogen constitutes the neighboring atom. Be-
cause the energy set free by capturing the incident elec-
tron at center A would exceed any transition energy to a
bound state at center B and, thus, would lead to ioniza-
tion of atom B via ICEC rather than to 2CRS. However,
if the proton captures the incident electron not into the
ground state, but instead into an excited state of the hy-
drogen atom at center A, then 2CRS can proceed in the
presence of a neighboring hydrogen atom at center B.
For definiteness, we will assume in this section, that
the electron is captured to the 2s state. If the capture
is accompanied by resonant excitation from 1s to 2p0 at
center B, the corresponding matrix element reads
M(p) = 2
7
√
2 πi
35
e−2νarccot(ν/2)
(εp − ε0)3
√
1 + ν2
ν (1− e−2piν)
×
(
nz
R3
− 3(n ·R)Rz
R5
)
eiδ (21)
where ε0 now denotes the energy of the 2s state in atom
A. Restricting ourselves to the case where R = Rez, we
find the cross section to be
dσ2p0
dΩ
=
232π2
320R12
(1 + ν2)2 e−8νarccot(ν/2)
ν2 (1− e−2piν)2 (εp − ε0)12
× 1
∆2 + 14Γ
2
cos2ϑ . (22)
If the resonance condition is exactly fulfilled, εp−ε0 =
ǫ1 − ǫ0, and Γr ≫ Γa holds (which is valid for R &
30 a.u.), we find for the ratio of 2CRS to Rutherford scat-
tering under backward angles the expression
dσ2p0/dΩ
dσR/dΩ
∣∣∣∣
ϑ=pi
=
22 32 π2 c6 ε2p (1 + ν
2)2 e−8νarccot(ν/2)
R12 ν2 (1− e−2piν)2 (εp − ε0)18 (23)
5Assuming an incident energy of εp = 0.25 a.u., a binding
energy of ε0 = −0.125a.u. and an interatomic distance of
R = 30 a.u., this ratio reaches a value of about one. We
note that, in comparison with the example given below
Eq. (11), the amplyfing effect from the smaller transition
energy in the present case is counteracted by the larger
interatomic distance required to guarantee Γr ≫ Γa. In
the opposite limit Γr ≪ Γa, the corresponding formula
given in Sec. II A holds.
Taking in a complete picture the interference of the
amplitudes S2p0 and SR into account, we arrive at the
cross section
dσ
dΩ
=
1
∆2 + 14Γ
2
{[
∆−D(ϑ) cosΦ(ϑ)]2
+
[1
2
Γ +D(ϑ) sinΦ(ϑ)
]2} dσR
dΩ
. (24)
where the angle-dependent function
D(ϑ) =
218π εp(1 + ν
2) e−4νarccot(ν/2) sin2(ϑ2 ) cosϑ
310R6 ν(1 − e−2piν)(εp − ε1)6 (25)
has been introduced.
Before moving on to the next section, we point out that
in an even more complete picture of 2CRS one should also
take into account the elastic scattering of the incident
electron on atom B. The corresponding probability am-
plitude needs to be included in the coherent summation.
However, one can estimate that in the case of a neutral
atom at centerB (rather than an ion), the influence of the
additional scattering channel will not change our results
dramatically. Let us consider as a specific example a hy-
drogen atom at center B. The cross section for scattering
from this center then is dσB/dΩ = 4(q
2 + 8)2/(q2 + 4)4,
where q = 2p sin(ϑ2 ) denotes the momentum transfer.
2CRS is relatively strongest under backward angles. In
the situation of the present Sec. II.B the resonant incident
momentum is p = 1/
√
2 a.u., corresponding to q2 = 2 a.u.
for ϑ = π. Thus, dσB/dΩ ≈ 0.3 a.u. ≈ dσR/dΩ. For pa-
rameters, where the 2CRS cross section largely exceeds
the Rutherford cross section under backward angles, we
therefore expect that the omission of elastic scattering
from atom B does not change our predictions for this
angular region substantially. We plan to investigate this
aspect in more detail in a forthcoming study.
III. THEORY OF TWO-CENTER
DIELECTRONIC RECOMBINATION
The autoionizing state Ψ01, that has been formed as
an intermediate state during 2CRS, can also stabilize
through photoemission. Then the two-center system ends
up in the state Ψ00 = ϕ0(r)χ0(ξ) with total energy
E00 = ε0 + ǫ0 and both electrons in their corresponding
ground states. In this case, the incident electron has re-
combined with the atom A, and the process represents a
two-center version of dielectronic recombination (2CDR).
In addition to the electrons, the quantum degrees of
freedom of 2CDR – being a radiative process – are also
represented by the radiation field. It is initially in its vac-
uum state |0〉 and during the process undergoes a transi-
tion into the final state |k, λ〉, describing the emission of
a photon with momentum k and polarization vector ekλ.
Thus, within the second order of time-dependent per-
turbation theory, the probability amplitude for 2CDR
can be formulated as [cp. Eq. (1)]
Sχ1 = −
∫ ∞
−∞
dt 〈Ψ00|Vˆγ |Ψ01〉 e−i(E01−E00)t
×
∫ t
−∞
dt′M(p) e−i(Ep0−E01)t′ . (26)
Here, the photonic degrees of freedom have already been
evaluated and the interaction responsible for the photo-
emission is expressed in the effective form
Vˆγ =
1
c
Akλ · pˆB , (27)
where Akλ =
√
2πc2/ωk ekλ e
iωkt, with ωk = |k|c, is
taken in the dipole approximation and pˆB denotes the
momentum operator of the electron at center B.
In our previous studies [15] we considered 2CDR with
capture of the electron to the 1s ground state in atom A
and excitation from 1s→ 2p in atom B. Here, we gener-
alize our results to the case where the incident electron
is captured to a general nAs state in atom A with simul-
taneous excitation of the electron in atom B from the
ground state to an nBp state. Our goal is to reveal the
dependencies of 2CDR on the principal quantum num-
bers nA and nB.
As before, we will assume that the asymptotic momen-
tum of the incident electron lies along the z axis, n = ez.
If the electron capture to the nAs state is accompanied by
resonant excitation to the nBp0 level, the corresponding
matrix element is
M(p) = 2
10
√
2π i Z3A√
3ZB R3
√
n5B(nB − 1)
n5A(nB + 1)
9
(1 + ν2)
(1− e−2piν)
× p
ε0 − εp AF (2− nB, 5, 4,
2
1 + nB
) eiδ
× (1− 3ρ2z) . (28)
Here, F denotes the hypergeometric function [18] and we
have introduced the complex quantity
A = β
γ+γ′−4
+
(−β−)γβγ′−
{
1
β2
[
β+β−F (γ, γ
′ − 1, 2, ζ)
+2β2−F (γ − 1, γ′ − 1, 2, ζ)
+β−1+ β
3
−F (γ − 2, γ′ − 1, 2, ζ)
]
+ 2
nA − 1
β
×
[
β+F (γ, γ
′, 3, ζ) + β−F (γ − 1, γ′, 3, ζ)
]}
(29)
6with β = 2ip, β′ = 2ZA/nA, β± = β±β′, γ = 2+iν, γ′ =
2 − nA and the argument ζ = 4ββ′/β2−. Equation (28)
represents a generalization of Eq. (8) to arbitrary values
of nA and nB. The other matrix element in Eq. (26)
has the form of an ordinary single-center dipole matrix
element,
〈Ψ00|Vˆγ |Ψ01〉 =
√
2π
ωk
eiωkt〈χ0| ekλ · pˆB|χ1〉
= i
25
√
2π√
3ωk ZB
√
n5B(nB − 1)
(nB + 1)9
(ǫ1 − ǫ0)eiωkt
×F (2− nB, 5, 4, 2
1 + nB
)(ekλ · ez) (30)
After performing the time integrals in Eq. (26), the prob-
ability amplitude can be obtained from Eqs. (28)-(30)
according to
SnBp0 = 2π δ(εp − ε0 − ωk)
∣∣〈χ0|Vˆγ |χ1〉∣∣M(p)
∆ + i2Γ
(31)
from which the cross section follows as
σnBp0 =
1
jT
∫
d3k
(2π)3
∑
λ=1,2
∣∣SnBp0 ∣∣2
=
Γ
(1s)
r |M(p)|2
p
(
∆2 + 14Γ
2
) . (32)
It gives the only contribution to 2CDR in the special
case when the atoms are spatially separated along the z
axis (i.e., parallel to the incident electron momentum).
The integration over the emitted photon momentum and
the sum over its polarizations has been expressed with
the help of the partial radiative width Γ
(1s)
r for decay of
the excited level to the ground state. It can be written
explicitly as
Γ(1s)r =
212(ǫ1 − ǫ0)3
32Z2Bc
3
n5B(nB − 1)
(nB + 1)9
×F 2(2− nB, 5, 4, 2
1 + nB
) (33)
and shows, to leading order, a scaling behavior with the
principal quantum number nB like Γ
(1s)
r ∼ n−3B . The
same holds for |M(p)|2 ∼ n−3B . The generic structure of
Eq. (32) will prove useful for interpreting our numerical
results in the next section.
By plugging Eqs. (28) and (33) into Eq. (32), we obtain
σnBp0 =
233π2Z6A
33c3Z4BR
6
n10B (nB − 1)2
n5A(nB + 1)
18
1 + ν2
1− e−2piν |A|
2
× (ǫ1 − ǫ0)
2
εp − ε0
F 4(2− nB, 5, 4, 21+nB )
∆2 + 14Γ
2
B0(R) ,
(34)
with the geometry-dependence B0(R) = (1−3ρ2z)2, which
reduces to B0(R) = 4 for R = Rez. This formula allows
us to reveal the potential significance of 2CDR. The pro-
cess co-occurs with single-center radiative recombination
(without participation of center B), where the electron is
captured at center A and the excess energy is released via
photoemission. The corresponding transition amplitude
SRR = − i
c
∫ ∞
−∞
dt 〈ϕ0|Akλ · pˆA|ϕ(+)p 〉 e−i(εp−ε0)t (35)
leads to the following cross section for radiative recombi-
nation into the nAs state
σRR =
213π2Z6A(1 + ν
2)(εp − ε0)
3c3n5A(1− e−2piν)
|A|2 . (36)
Assuming that the resonance condition is met exactly,
the ratio of the two-center and single-center recombina-
tion cross sections reads
σnBp0
σRR
=
224n10B (nB − 1)2F 4(2− nB, 5, 4, 21+nB )
32Z4BR
6(nB + 1)18 Γ2
. (37)
This ratio can be very large, as will be discussed in
Sec. IV. In the special case nB = 2, and assuming that
Γr ≫ Γa holds, it reduces to the compact formula
σ2p0
σRR
=
32c6
R6(ǫ1 − ǫ0)6 . (38)
which is known from our previous studies [15]. As an
example, suppose that the transition energy is ǫ1 − ǫ0 =
1.5 a.u. and R = 10 a.u., then the ratio is of order 107.
Equations (37) and (38) compare the cross sections for
the separate pathways of 2CDR versus radiative recom-
bination. We point out that, in a complete picture of
the recombination process, one needs to sum the cor-
responding probability amplitudes coherently, this way
accounting for interference between both processes [15].
However, as we have just seen, close to the resonance and
for interatomic distances up to few nanometers, 2CDR
can dominate over the single-center process of radiative
recombination by several orders of magnitude. There-
fore, we shall focus in this paper on the direct channel of
2CDR and omit the interference effects.
The total level width Γ = Γr+Γ
(0)
a in Eq. (34) consists
of the radiative width and the Auger width [see Eq. (5)] of
the autoionizing state which involves the nBp0 state. The
radiative width itself is composed of several contributions
each of which corresponding to the spontaneous radiative
decay of the excited nBp state to a lower lying level. The
main contributions come from decays to lower lying s
states, so that we may write approximately
Γr ≈ Γ(1s)r + Γ(2s)r + Γ(3s)r + . . . (39)
with the partial width for decay to the ground state Γ
(1s)
r
being largest, followed by Γ
(2s)
r and so on. By inspection
of the atomic database [20] we found the approximate
relations Γ
(2s)
r ≈ 17Γ
(1s)
r and Γ
(3s)
r ≈ 13Γ
(2s)
r , which were
7validated for He+ ions and nB ≤ 6. Accordingly, in our
numerical calculations we will approximate the radiative
width for simplicity by the formula
Γr ≈ Γ(1s)r
(
1 +
1
7
+
1
21
)
(40)
for excited states with nB ≥ 4. For lower excitations,
the sum in Eq. (40) will be truncated accordingly. The
two-center Auger width in Eq. (34) reads
Γ(0)a =
221πZ6A
32Z2BR
6
n5B(nB − 1)
n5A(nB + 1)
9
1 + ν2
1− e−2piν
p2
(ε0 − εp)2
×F 2(2− nB, 5, 4, 2
1 + nB
) |A|2 (1− 3ρ2z)2 (41)
where the upper index indicates the magnetic quantum
number of the excited nBpm state. To leading order, the
two-center Auger width also scales like Γ
(0)
a ∼ n−3B .
So far, we have assumed that the atoms are spatially
separated along the z axis, R = Rez. For an arbitrary
orientation of the interatomic separation vector R, in
general all nBpm (m ∈ {0,±1}) states contribute to
2CDR. The total cross section – ignoring interference
with radiative recombination – can be written as the sum
over the respective contributions, according to
σnBp =
∑
m=0,±1
σnBpm = σnBp0 + 2σnBp1 . (42)
Here, σnBp1 can be obtained from Eq. (34) by the replace-
ments B0(R)→ B1(R) = 92 (ρ2x + ρ2y)ρ2z and Γ
(0)
a → Γ(1)a .
Note that interference terms between the three transition
amplitudes S2pm do not contribute to the total, angle-
integrated 2CDR cross section in Eq. (42).
Besides, we have supposed that the electron is incident
along a specific direction. If, instead, an average over the
angles of incidence at fixed electron energy is taken, the
averaged cross sections adopt the characteristic form
σnBpm =
π
p2
Γ
(1s)
r Γ
(m)
a
∆2 + 14Γ
2
. (43)
This can be seen by combining Eq. (32) with Eq. (5).
Similarly to Eq. (42), the total 2CDR cross section, aver-
aged over electron directions, is the sum of the individual
contributions (43) from the different intermediate states.
IV. RESULTS AND DISCUSSION
In the following we illustrate our findings on 2CRS and
2CDR by some examples. For definiteness, we shall as-
sume throughout that the interatomic separation vector
R = Rez lies along the momentum p = p ez of the inci-
dent electron which is captured by a proton (ZA = 1) to
form a hydrogen atom at center A. Another light atomic
system (H, He or He+) represents center B.
A. Properties of 2CRS
First we consider 2CRS with capture to the 1s ground
state of hydrogen, in the presence of a neutral helium
atom at distance R = 5 A˚. During the process, the latter
is excited to the 1s2p (1P 0) state, which has an exci-
tation energy of ǫ1 − ǫ0 ≈ 21.2 eV. For simplicity, we
describe the helium atom in an approximate way as a
hydrogenlike one-electron system with effective nuclear
charge ZB = 1.44, which yields the correct excitation en-
ergy. The incident electron energy is chosen to fulfill the
resonance condition. Figure 2 shows the corresponding
2CRS cross section from Eq. (9) by the dashed blue line.
It exhibits a characteristic dipole pattern and largely ex-
ceeds the cross section for Rutherford scattering (dotted
black line) under backward angles. The relative enhance-
ment factor at ϑ = π amounts to about 20, in agreement
with the formula (dσ2p0/dΩ)/(dσR/dΩ) = 72εp found in
Sec. II A. Note that at the chosen internuclear distance,
the relation Γa ≫ Γr holds.
The full process, including quantum interference be-
tween both scattering pathways, is displayed by the solid
red line in Fig. 2. It exhibits a pronounced minimum
close to θ ≈ 1.9 rad where the separate contributions
from 2CRS and Rutherford scattering cross. Under back-
ward angles, the enhancement is still quite strong, but
somewhat reduced, indicating destructive interference
between both channels. The latter can be understood
by noting that, for backward scattering (ϑ = π), the
interference phase becomes Φ(π) = 2 arctan(ν), so that
sinΦ(π) = 2ν/(1 + ν2) > 0. In the considered geometry,
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FIG. 2: Differential cross sections for Rutherford scattering
from a proton and for 2CRS from a H+-He system. In the
latter case, the incident electron is captured to the 1s ground
state of hydrogen, with simultaneous excitation of the helium
atom to the 1s2p state. The atoms are separated by R = 5 A˚
along the z axis. The incident electron energy is resonant
with εp = 7.6 eV. The dashed blue line shows the (incoherent)
2CRS cross section according to Eq. (9). For comparison, the
dotted black line illustrates the cross section for Rutherford
scattering from an isolated proton at the same electron energy
[see Eq. (10)]. The solid red line shows the full cross section
where the respective amplitudes have been added coherently
[see Eq. (17)].
8the functions in Eq. (13) reduce to B0 = 4 cosϑ = −4,
B1 = 0, so that C(ϑ, φ) in Eq. (19) becomes negative
since A(ϑ) is always positive. Therefore, the interference
in Eq. (17) is destructive for ϑ = π.
As we saw in Sec. III.A, the 2CRS cross section is very
sensitive to the energy of the involved transitions. The
latter can be strongly reduced when the helium atom at
center B is replaced by a hydrogen atom, which is excited
from the 1s to the 2p0 state, with ǫ1− ǫ0 ≈ 10.2 eV. The
resonance condition can be met by an electron which is
incident with momentum p = 1/
√
2 a.u. and captured
by the proton at center A to the 2s state of hydrogen.
The corresponding 2CRS cross section is shown in Fig. 3.
In the top panel we see that a similar enhancement un-
der backward angles like in Fig. 2 can be achieved, but
at a twice as large interatomic separation. A relative
enhancement factor of ≈ 14 is reached for ϑ = π. It
is slightly reduced as compared with the plateau value
72εp ≈ 18 by the squared ratio of Auger width to total
width, which amounts to Γ2a/Γ
2 ≈ 0.8 at R = 10 A˚.
The bottom panel in Fig. 3 illustrates that, at an in-
creased internuclear distance of 15 A˚, the full process in-
cluding interference does not show enhancement under
backward angles as compared with Rutherford scattering
anymore. However, a very pronounced minimum around
ϑ ≈ 2.3 rad appears due to the influence of 2CRS.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
ϑ [rad]
101
103
105
107
d
σ
/d
Ω
 [
kb
/s
r]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
ϑ [rad]
101
103
105
107
d
σ
/
d
Ω
 [
kb
/s
r]
FIG. 3: Same as Fig. 2, but in the 2CRS process the electron
is captured to the 2s state in the hydrogen atom forming
center A, while another hydrogen atom – representing center
B – is simultaneously excited to the 2p0 state. The energy of
the incident electron is in exact resonance with εp = 6.8 eV.
Top: R = 10 A˚, bottom: R = 15 A˚.
It is interesting to compare our findings with results
on the single-center process of elastic electron scatter-
ing from ions which carry at least one bound electron.
In this situation, there are also bound-state resonances
which can have pronounced influence on the scattering
cross section. A combined experimental and theoretical
study of elastic scattering of electrons at 16 eV energy
from Ar+ ions was performed in [21]. Qualitatively, our
findings on 2CRS closely resemble the results shown, for
example, in Fig. 3 therein. In both cases, the full cross
section including interference effects has a similar shape.
In particular, it passes through a minimum at interme-
diate angles due to destructive interference and shows
pronounced enhancement under backward angles as com-
pared with Rutherford scattering.
B. Scaling behavior of 2CDR
Now we turn to 2CDR. First we consider an electron
which is captured to the nAs state in hydrogen, with
simultaneous excitation of a neighboring He+ ion from
the ground to the 2p0 state. Figure 4 shows the nA-
dependence of the corresponding 2CDR cross section.
Note that, for every value of nA, the energy of the in-
cident electron has been adjusted to either fulfill the res-
onance condition exactly (∆ = 0, black circles) or to
yield a fixed detuning (∆ ≈ Γr, red diamonds). For
comparison, the cross section of single-center radiative
recombination is shown (blue crosses). All curves fall
off monotoneously, showing a dependence like n−3A to a
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FIG. 4: Dependence of the 2CDR cross section on the prin-
cipal quantum number nA. An incident electron recombines
with a proton to form a hydrogen atom in the presence of a
neighboring He+ ion. The electron is captured to the nAs
state of hydrogen, with simultaneous excitation of the He+
ion to the 2p0 state. The atoms are separated by R = 10 A˚
along the z axis. The black circles refer to the case of ex-
act resonance, where for each value of nA the incident energy
is chosen to give ∆ = 0 [see Eq. (34)]. Instead, the red dia-
monds show the corresponding results for a non-zero detuning
of ∆ = 6.6 × 10−6 eV. For comparison, the crosses show the
cross section for radiative recombination of the electron with
an isolated proton [see Eq. (36)].
9good approximation. This kind of scaling law, which is
well-known for radiative recombination, is thus shared
by the 2CDR cross section. Besides, Fig. 4 shows that,
on the resonance or very close to it, 2CDR can strongly
dominate over radiative recombination. For the present
parameters, the relative enhancement amounts to five or-
ders of magnitude, in agreement with Eq. (38).
Figure 5 displays the dependence of 2CDR on the
quantum number nB, for vanishing and non-zero detun-
ings. Here we assume that the incident electron is cap-
tured to the 1s ground state of hydrogen at center A,
while the He+ ion is excited to the nBp0 state. For each
value of nB, the incident electron energy is adjusted, ac-
cordingly. In the case of exact resonance (∆ = 0, black
circles) we obtain a result which may appear surprising
at first sight. The 2CDR cross section first decreases, but
then saturates rather quickly for larger values of nB. This
striking feature can be understood by inspecting Eq. (32)
which implies that σnBp0 ∝ Γ(1s)r |M(p)|2/(pΓ2). From
Eqs. (28), (33) and (41) we know the leading-order de-
pendencies |M(p)|2, Γ(1s)r , Γa ∼ n−3B which, accordingly,
drop out from the cross section. What remains is the
momentum, whose value for exact resonance follows from
p2res = 2
[
ε0 + ǫ0
(
1
n2
B
− 1
)]
and, thus, becomes approx-
imately constant for nB ≫ 1. Combining these argu-
ments, we see that the 2CDR cross section indeed satu-
rates for large values of nB, provided the resonance con-
dition is exactly met.
In case of non-zero detuning, the 2CDR cross section
shows a very different behavior. If the detuning is rather
large (∆ > Γ for nB > 2), the cross section rapidly falls
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FIG. 5: Dependence of the 2CDR cross section on the prin-
cipal quantum number nB . As in Fig. 4, an incident electron
recombines with a proton to form a hydrogen atom in the
presence of a neighboring He+ ion. The electron is captured
to the 1s ground state of hydrogen, with simultaneous ex-
citation of the He+ ion to the nBp0 state. The atoms are
separated by R = 10 A˚ along the z axis. While the black
circles refer to the case of exact resonance, where for each
value of nB the incident energy is chosen to give ∆ = 0, the
red filled (open) diamonds show the corresponding results for
non-zero detuning of ∆ = 6.6× 10−8 eV (∆ = 6.6× 10−6 eV)
[see Eq. (34)].
off and does not show saturation, as depicted by red open
diamonds in Fig. 5. The scaling law to leading order
then reads σnBp0 ∝ Γ(1s)r |M(p)|2 ∼ n−6B , in agreement
with our numerical results. In the case of small detuning
(red filled diamonds in Fig. 5), the 2CDR cross section
shows an intermediate behavior. It first decreases, passes
a plateau region and eventually falls off when nB grows.
This is caused by the fact that the total width Γ decreases
with nB and, thus, at some point falls below the detuning
∆ which is assumed to be fixed. Then, the 2CDR cross
section approaches again a scaling with n−6B .
It is interesting to note that for some specific electron
energies, there is more than one combination of nAs and
nBp states which allows to fulfill the resonance condition.
For such energies, the electron can be either captured
to a deeply bound state in atom A with excitation of a
high-lying state in atom B, or the capture proceeds to a
higher lying state in atom A accompanied by a transition
with correspondingly lower excitation energy in atom B.
Let us take the two-center system with ZA = 1, ZB =
2 considered in this section as an example. For each
integer n ∈ N, the combination (nA, nB) = (1, 2n + 2)
is associated with the same resonant incident electron
energy as the combination (n′A, n
′
B) = (n+1, 2), because
the sum ε0 + ǫ1 has the same value. Assuming exact
resonance (∆ = 0), we find that the first channel gives a
slightly smaller 2CDR cross section for n = 1, but largely
dominates over the second channel when n increases [22].
The reason is that the cross section falls off steeply with
n−3A , whereas it is much more weakly dependent on nB
(see Figs. 4 and 5).
Finally, Fig. 6 shows 2CDR cross sections when, in-
stead of a He+ ion, a neutral helium or a hydrogen
atom forms center B. As in Sec. IV.A the helium atom
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FIG. 6: Dependence of 2CDR on the principal quantum num-
ber nA for two different atomic systems. In both cases, an
incident electron recombines with a proton at center A, form-
ing a hydrogen atom in the nAs state. The filled circles refer
to a neutral helium atom as center B which is excited to the
1s2p state, whereas the open circles show our results for a
neighboring hydrogen atom which is excited to the 2p0 state.
The atoms are separated by R = 10 A˚ along the z axis and
the incident electron energies are always chosen to be in exact
resonance.
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is described as an effective one-electron system with
ZB = 1.44. Since the excitation energy in He is about
half the value in He+, the corresponding 2CDR cross sec-
tions in Fig. 6 (filled circles) lie two orders of magnitude
higher than in Fig. 4. The 2CDR cross section becomes
another two orders of magnitude larger in the presence
of a neighboring H atom (open circles), whose excitation
energy is about half the value in neutral He. Note that
the corresponding cross section for nA = 2 is damped by
the fact that here Γa ≫ Γr holds. Instead, for the large
values of nA we have Γa ≪ Γr, giving rise to the n−3A
dependence which was already observed in Fig. 4.
We point out that Figures 4–6 are meant to illustrate
the general dependence of 2CDR on the principal quan-
tum numbers in the participating atoms. Our results
rely on the assumption that the electron wave functions
at both centers do not overlap with each other. While,
at the chosen interatomic distance of R = 10 A˚, this con-
dition is satisfied to a good approximation for the small
values of nA,B, it is not anymore for the larger ones.
Nevertheless, by exploiting the proportionality σ ∼ R−6,
the cross sections shown in the figures can easily be ex-
trapolated to larger R values, where the assumption of
non-overlapping wave functions is fulfilled.
C. Comparison between 2CRS and 2CDR
From Eqs. (7) and (32) we can read off that the ratio
between the cross sections for 2CRS and 2CDR amounts
to Γa/Γ
(1s)
r . Moreover, exactly on the resonance, we
have the proportionalities σχ1 ∼ λ2p Γ2a/(Γr+Γa)2 for the
2CRS cross section and σnBpm ∼ λ2p Γ(1s)r Γa/(Γr + Γa)2
for the 2CDR cross section. Here, λp denotes the de-
Broglie wavelength of the incident electron. Accord-
ingly, in the range of small interatomic distances where
Γr < Γa holds, we see that the 2CRS process becomes R-
independent, with σχ1 ∼ λ2p. In contrast, for large values
of R with Γa ≪ Γr, we obtain σχ1 ∼ λ2p (Γa/Γr)2 which is
smaller than the 2CDR cross section σnBpm ∼ λ2p Γa/Γr.
When the radiative width Γr and two-center Auger
width Γa have similar values, the cross sections for 2CRS
and 2CDR are of the same order of magnitude. Never-
theless, the ratio to the corresponding single-center pro-
cess was found to be very large for 2CDR, whereas only
a rather moderate enhancement for certain angles was
found for 2CRS. The reason why the relative enhance-
ment is much larger for 2CDR is due to the fact that, in
this case, the comparison is made with the relatively weak
process of radiative recombination. In contrast, 2CRS
must be compared with Rutherford scattering, which rep-
resents a very strong interaction process between charged
particles without coupling to the radiation field.
D. Comparison with single-center processes
Resonant electron scattering (RS) and dielectronic re-
combination (DR) are well-known to occur as single-
center processes in isolated ions, where they are driven by
inner-ionic electron correlations [1]. One can compare, in
very general terms, the strengths of these processes with
2CRS and 2CDR.
In analogy to Eq. (32), the cross section of single-center
DR is proportional to σDR ∼ λ2p Γ˜aΓr/[∆2 + (Γr + Γ˜a)2].
Here, Γ˜a is used to denote the single-center Auger width,
in order to distinguish it from the two-center Auger width
Γa, which is in general much smaller. For the radiative
width we do not introduce a new symbol because it repre-
sents a single-center quantity and is, thus, of similar size
in both cases. For light atomic systems, where Γ˜a ≫ Γr
holds, we obtain σDR ∼ λ2pΓr/Γ˜a on the resonance. The
ratio with 2CDR thus becomes σnBpm/σDR ∼ ΓaΓ˜a/Γ2r,
assuming that Γa ≪ Γr (see Sec. IV.C). From this re-
lation we can infer that, in terms of the resonant value
of the cross section, 2CDR can indeed compete with and
even exceed single-center DR.
Similarly, we have σRS ∼ λ2p Γ˜2a/[∆2 + (Γr + Γ˜a)2]
for single-center RS, in analogy with Eq. (7). Due to
Γ˜a ≫ Γr, here we obtain σRS ∼ λ2p on the resonance.
The same result we found for 2CRS in the range of inter-
atomic distances where Γa ≫ Γr holds (see Sec. IV.C),
so that the ratio becomes σχ1/σRS ∼ 1. Instead, in the
opposite case Γa ≪ Γr, the ratio attains a small value of
σχ1/σRS ∼ (Γa/Γr)2 ≪ 1.
So far, our discussion has refered to the case of exact
resonance. One has to keep in mind, though, that in an
experiment the incident electron beam will have a cer-
tain energetic width δε, corresponding to a distribution
of energies around the resonant value. Since typically
δε≫ Γ, only a small fraction ∼ Γ/δε≪ 1 of all electrons
can effectively contribute to 2CRS and 2CDR. When
Eqs. (32) and (7) are integrated over incident energies,
we obtain the quantities 〈σnBp0〉 ∼ λ2p ΓaΓr/(Γr + Γa)
and 〈σχ1 〉 ∼ λ2p Γ2a/(Γr + Γa), which describe the areas
under the resonance peaks. For 2CDR at Γa < Γr, this
yields 〈σnBp0〉 ∼ λ2p Γa. The corresponding quantity for
single-center DR becomes 〈σDR〉 ∼ λ2p Γr which is larger,
but not necessarily much larger than 〈σnBp0〉.
In contrast, for 2CRS we obtain 〈σχ1 〉 ∼ λ2p Γa (when
Γa > Γr) or even 〈σχ1〉 ∼ λ2p Γ2a/Γr (when Γa < Γr),
which both are substantially smaller than 〈σRS〉 ∼ λ2p Γ˜a
for single-center RS. In this context, it is important to
note that the two-center Auger width Γa of Eq. (5) is, in
general, several orders of magnitude smaller than single-
center Auger widths Γ˜a in isolated ions. For example, in
our Figs. 2 and 3 we have Γa ∼ µeV, whereas in Ref. [21]
a typical value of Γ˜a = 50meV was applied. Therefore,
while 2CRS can reach similar peak values of the resonant
cross section as single-center RS, it cannot compete in
terms of the energy-integrated resonance strength.
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There is a physically intuitive reason why the energy-
integrated resonance strengths of 2CDR and single-center
DR can be comparable, whereas for 2CRS and single-
center RS this is not the case. At first sight, one would ex-
pect single-center DR to be much more probable, because
the interaction between two electrons is much stronger, if
they are spatially confined to the volume of an ion, than
if they belong to two different atomic systems which lie
rather far apart. However, a strong electron-electron in-
teraction also leads to a high probability for Auger decay
of the autoionizing state formed after electron capture.
Therefore, the majority of captured electrons is reemitted
and does not contribute to DR in isolated (light) atoms
or ions where Γ˜a ≫ Γr holds. For 2CDR the situation is
different because, at not too small interatomic distances,
the two-center Auger width is very small, Γa ≪ Γr.
Therefore, practically all electrons, which are captured,
also contribute to 2CDR because the autoionizing state
stabilizes radiatively in most cases. Therefore, 2CDR can
be competitive with single-center DR despite the much
weaker electron-electron interaction involved.
For 2CRS the above line of argument does not work.
Here, a relatively large radiative width is not advan-
tageous, because relaxation of the autoionizing state
through spontaneous radiative decay does not contribute
to electron scattering. Instead, 2CRS relies on the nar-
row two-center Auger width, which results from the
rather weak interatomic electron-electron interaction and
which is much smaller than single-center Auger widths in
the relevant range of interatomic distances. Therefore,
2CRS falls behind single-center RS when their energy-
integrated resonance strengths are compared.
V. CONCLUSION
Electron-impact induced processes in two-center
atomic systems, which rely on resonant electron-electron
interactions, have been considered. The process of 2CRS,
where an electron scatters resonantly from a two-center
system, was introduced and shown to considerably mod-
ify the scattering dynamics at interatomic distances up
to ∼ 1 nm, as compared with the well-known Rutherford
scattering from a single charge center. In particular, for
light atomic systems, 2CRS may enhance the scattering
under backward angles by an order of magnitude. Due to
quantum interference, it can also significantly affect scat-
tering at intermediate angles. For small angles, Ruther-
ford scattering dominates due to its divergent behavior
in forward direction.
In comparison with resonant scattering from single-
center atomic systems, 2CRS can compete in terms of
the resonant value of the cross section. But it falls be-
hind when an integral over incident energies is taken,
because its resonance width is much more narrow. In
a forthcoming study we plan to include also the elastic
electron scattering from the neighboring atom into the
description of 2CRS.
Furthermore, dielectronic recombination with a two-
center system was studied. By calculating the corre-
sponding cross section for capture into general nAs states
of an ion with simultaneous excitation to a nBp state of
a neighboring atom, the scaling behavior of 2CDR with
the principal quantum numbers was obtained. A general
proportionality with n−3A was found, like it is known for
single-center radiative recombination. Exactly on res-
onance, the 2CDR cross section quickly saturates to a
constant value when nB grows. In contrast, a more com-
plex behavior was found in the detuned case, where the
cross section asymptotically scales with n−6B .
For incident electron energies close to the resonance
and interatomic distances up to few nanometers, the
2CDR cross section can exceed the cross section for
single-center radiative recombination by several orders
of magnitude. It can also compete with typical cross
sections of single-center DR, in terms of both the peak
value on the resonance and, remarkably, also the energy-
integrated resonance strength. The latter result may be
understood intuitively by noting that, contrary to single-
center DR, almost all electron capture events contribute
to 2CDR. This is because the populated autoionizing
state relaxes preferably via spontaneous radiative decay,
since the radiative width greatly exceeds the two-center
Auger width at sufficiently large interatomic distances.
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